ABSTRACT. Preterm infants may demonstrate impaired ventilation during oral feeding with resultant hypoxemia and hypercarbia. This study was designed to determine whether infants activate a representative upper airway muscle, the ala nasi, in response to these ventilatory changes. Ten preterm infants (postconceptional age at study 35 f 4 wk, weight 2.2 f 0.1 kg) were studied during a control period, continuous feeding, subsequent intermittent feeding, and a period of nonnutritive sucking. Nasal airflow was measured with a pneumotachometer to quantify minute ventilation. The alae nasi electromyogram (EMGAN) was recorded with surface electrodes, and sucking pressure was detected by a catheter in the feeding nipple. End-tidal COz and OZ saturation were also recorded during each period. The percentage of breaths associated with EMGAN activity increased from 41 f 13% during the control period to 95 f 5% and 93 f 7% during continuous and intermittent sucking, respectively ( p < 0.05). Eightyseven +. 5% of EMGAN activity occurred during inspiration.
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During continuous and intermittent sucking, the amplitude of EMGAN activity also increased (6.8 f 5.2 and 6.7 f 4.0 arbitrary unitslbreath, respectively) compared with the control period (2.4 f 2.8 unitslbreath, p < 0.05). In association with the increase in EMGAN activity, Oz saturation fell from 98 f 1% in the control period to 95 +. 1% during both continuous and intermittent feeding (p < 0.05), and minute ventilation fell from 274 2 80 mL/min/kg during the control period to 190 f 81 and 208 f 57 mL/min/kg during continuous and intermittent feeding, respectively ( p < 0.05). We conclude that the preterm infant is able to activate the alae nasi while feeding. We speculate that activation of the upper airway muscles may contribute to reduction in upper airway resistance during feeding. The preterm infant of less than 33-34 wk of gestation gradually develops adequate facility in oral feeding during the first weeks of life. The process of feeding challenges the infant to meet the simultaneous needs of both sustained ventilation and nutritive intake. The ability of the infant to modify the strategies of ventilation during feeding may be important, for previous work has shown that preterm infants may become hypoxemic and hypercarbic due to a decrease in VE that occurs during both continuous and intermittent sucking periods (1-3). The upper airway musculature has evolved to provide the infant with the ability to respond to the demands of both feeding and breathing.
The alae nasi are members of a group of dilator muscles (including posterior cricoarytenoid and genioglossus) that surround the airway from the nose to the glottis (4-7). Constriction of these muscles in phase with respiration can widen the upper airway and decrease resistance within this segment of the respiratory tract (4) . Activation of these muscles may occur in phase with respiration in response to changing chemoreceptor drive or mechanoreceptor input (8, 9) . We therefore hypothesized that activation of this network of muscles would occur during feeding in infancy. The present study was designed to determine whether preterm infants can effectively activate a representative member of this group, the alae nasi, in compensation for the ventilatory changes that occur during feeding.
SUBJECTS AND METHODS
The population consisted of 10 healthy preterm infants. Birth weight was 2.2 f 0.1 kg (mean + SD), gestational age at birth 30 +_ 3 wk, and postconceptional age at the time of study 35 f 4 wk. All infants were breathing room air, and none was receiving treatment for apnea. The infants were all established on full bottle feedings for at least 2-3 d at the time of the study. Studies were performed in the neonatal physiology laboratory over a period of 45 to 90 min during a regularly scheduled feeding period. The study was approved by the Institutional Review Board and informed parental consent was obtained before patient enrollment.
EMGAN was recorded from two gold cup surface electrodes applied over the external nares (9) . The electromyograms were amplified (Coulburn Fiber Optic Biological Preamplifiers, Lehigh Valley, PA), band-pass filtered from 30 to 1000 Hz, full-wave rectified, and fed into a moving time averager (Charles Ward Enterprises, Ardmore, PA) with a time constant of 200 ms. The amplitude of electromyogram activity was measured as the change from the baseline with every breath, expressed in arbitrary units, and averaged over 20 breaths. In addition, the percentage of breaths with alae nasi activity as well as the percentage of alae nasi activity coincident with inspiration was determined over the same epochs. Nasal airflow was measured with a nasal mask pneumotachograph (dead space 2 mL, resistance 5.5 cm H20/ L/s, linear to a flow of 8 L/min) connected to a Validyne MP45 Transducer [-t5 cm H20, Validyne, Northridge, CA (lo)]. Flow was integrated to give tidal volume. Breaths with a tidal volume of <1 mL were discounted for the purpose of calculation of VE (1.8 + 2.2% of breaths). VE was calculated from tidal volume and frequency. Continuous PETCO2 sampling was performed using an infrared CO2 analyzer (N-1000, Nellcor, Haywood, CA). Plateaus of PETC02 were considered acceptable if at least 0.4-0.6 s in duration. Pulse oximetry was used to record 0 2 saturation and heart rate (Nellcor N-1000). All data were recorded simultaneously on a polygraph (model 2800, Gould Inc., Cleveland, OH) at 5 mm/s and taped on an FM instrumentation recorder (model 3968A, Hewlett-Packard Co., San Diego, CA). During each individual study, VE, the percentage of breaths associated with EMGAN, amplitude of EMGAN, PETCO2, and O2 saturation were analyzed over epochs of 20 breaths during the control period and subsequent periods of continuous sucking, intermittent sucking, and NNS. To avoid bias, during the intermittent sucking phase, epochs that were analyzed contained both sucking and nonsucking periods. The mean and SD for each variable were then calculated for each epoch.
The infants were fed their regular formula through a specially designed nipple that allowed measurement of sucking pressure at the mouth while delivering milk flow from a reservoir that was maintained level with the infant's mouth to prevent gravitational delivery of milk flow, as previously described (1). This system also allowed control of nutrient delivery without removal of the nipple from the mouth, by regulation of flow through the tubing to the reservoir. After a 2-min control period, the nipple was introduced and the infant allowed to feed. After measurements were obtained during the control period, during continuous sucking, and during a subsequent period of intermittent sucking, the opportunity for NNS was offered by blocking the tube from the nipple to the feed reservoir. The volume of formula taken by the infant for the full feeding was recorded manually on the chart paper. The infants were nursed during the study, on a n open bed, at an angle of approximately 45" during the study, with the laboratory room temperature regulated to approximate the infant's neutral thermal environment.
Statistical analysis of data was performed by one-way analysis of variance for repeated measures and the Newman-Keuls procedure. Results in the text and table are expressed as mean + SD and a p < 0.05 was required for significance.
RESULTS
All infants displayed a similar pattern of feeding when the nipple was introduced. Initially, a period of continuous sucking occurred that lasted for 20-30 s, associated with brief respiratory pauses of less than 2 s duration (Fig. 1 ). Continuous sucking was followed by periods of intermittent sucking associated with respiratory pauses alternating with respiratory bursts exceeding 4 s in duration (Fig. 2A) . After continuous and intermittent sucking had occurred, the nutrient supply was blocked to provide the opportunity for NNS. All infants stopped nutritive sucking behavior within three to four sucks. Bursts of NNS then occurred every 5-10 s until the nutrient supply was restored (Fig. 2B) . After milk flow resumed, the infants returned to continuous sucking for 20-30 s followed again by intermittent sucking. During the control period, 41 + 13% of inspirations were associated with EMGAN activity. The percentage of breaths with EMGAN activity increased to 95 + 5% and 93 + 7% during continuous and intermittent feeding, respectively (both p < 0.05 compared to the control period). However, during NNS, only 49 + 22% of inspirations were associated with EMGAN activity.
During nutritive feeding, 87 2 5% of this alae nasi activity was coincident with inspiratory airflow of the breaths during feeding; EMG activity did not occur with sucking alone.
A significant increase in amplitude of EMGAN activity was also observed between the control period before feeding and the period of continuous sucking (2.4 + 2.8 versus 6.8 + 5.2 units/ breath, respectively, p < 0.05) (Fig. 1, Table 1 ). An increased amplitude of EMGAN activity during bursts of respiration was also seen during intermittent sucking [2.4 k 2.8 versus 6.7 k 4.0 units/breath for control versus intermittent sucking, respectively ( Fig. 2A, Table I) ]. In contrast, no significant increase in amplitude of EMGAN activity occurred during NNS (Fig. 2B , Table   1 ).
When compared with the control period, a decrease in 0 2 saturation occurred during both continuous sucking and intermittent sucking [98 + 1 % versus + 95 + 1 % and 95 + I%, respectively, p < 0.05 (Table I) ]. VE also fell during continuous and intermittent sucking [ p < 0.05 (Table I) ]; however, no change in PETCO2 was detected over the same intervals.
DISCUSSION
The infant's ability to coordinate sucking and swallowing while breathing requires the maturation of complex mechanisms of upper airway muscle control. This "developmental milestone" is accomplished in most infants by 35-36 wk of postconceptional age. It is often not adequately developed in preterm infants, and its development may be further delayed in infants with bronchopulmonary dysplasia. Significant decreases in ventilation during feeding may result in periods of apnea, bradycardia, and/or cyanosis (1, 2, 3, 1 I, 12) . Previous studies have concentrated on the mechanisms of decreased VE during feeding, such as resistive loading of the airway, airway closure during swallowing, and the relationships between respiratory frequency and inspiratory and expiratory times (I 3, 14, 15) . In this study, we explored possible compensatory mechanisms by which VE may be maximized during feeding. This study has confirmed previous findings with regard to the breathing and sucking pattern of preterm infants during feeding (1, 13, 16) . When compared with the control period, VE was significantly reduced during both continuous sucking and intermittent sucking in association with a significant reduction in 0 2 saturation. The cause of the reduction in VE during feeding is incompletely understood. It could arise as a direct consequence of the competing drives of feeding and breathing. Hypothetically, ventilatory drive is sustained during feeding by chemoreceptor input, whereas the voluntary and involuntary acts of sucking and swallowing continue until satiety is attained. It does appear that central chemoreceptor (CO2) drive is depressed during feeding ( 17) ; thus, the infant may have a lower VE during feeding due to a depressed response to arterial COz tension. Obstruction to airflow may also occur, contributing to the decrease in VE (1 5). Another factor that could result in a low estimate of VE during feeding would be conversion to oronasal breathing (18) . This study was not designed to detect oral breathing during feeding, so we cannot determine whether this factor could contribute to the decrease in VE that was observed. Because the infant's lips fit tightly around the nipple when sucking, significant oral breathing while feeding appears unlikely.
VENTILATION I N F E E D I N G P R E T E R M INFANTS
During feeding, muscles surrounding the upper airway and pharynx must synchronize the actions of sucking, swallowing, and respiration. This involves coordinated muscle contraction and relaxation resulting in dilation and constriction of specific segments of the upper airway during sucking and swallowing. In previous studies, we have shown that activation of the alae nasi muscles in sleeping preterm infants may decrease nasal airway resistance bv ur, to 23% (4) . In this studv, we have demonstrated that a maiked increase'i'n both frequency and amplitude of inspiratory EMGAN activity occurs during feeding, suggesting that a compensatory mechanism exists for improvement in ventilation by dilation of the upper airway during these periods of feeding.
Three potential stimuli could activate the alae nasi during feeding: hypercarbia (8), hypoxemia (1 9), and mechanoreceptor response within the airway itself (20) . One paradox of feeding is that the decrease in VE that occurs is not accompanied by a large increase in C 0 2 tension in the blood. Indeed, in our study, no significant change in PET COz was observed between different periods of feeding. It is possible that the increase in PETC02 was underestimated due to the limited numbers of plateaus in PETCOz during feeding. In previous studies on nutritive feeding, Shivpuri et al. Even such a modest change in PETCO2 would be below the threshold for activation of the alae nasi (21), and we speculate that a central chemoreceptor response to hypercarbia may not be the sole stimulus for alae nasi activation during feeding.
Mechanoreceptors that respond to subatmospheric pressure within the upper airway may also activate upper airway dilating muscles and inhibit the rate of diaphragmatic contraction (20, 22, 23) . It is conceivable that the subatmospheric pressure generated in the pharynx during the breaths that occur between swallows could trigger this reflex response, resulting in inhibition of the diaphragm and activation of the alae nasi. Sucking itself appears unlikely to have triggered the EMGAN, because 87 a 5% of the EMGAN activity was coincident with inspiratory airflow rather than sucking activity (Fig. 2) .
Hypoxemia during feeding in preterm and term infants is well described (1, 2), and a decrease in O2 saturation during continuous and intermittent sucking was also demonstrated in this study. The dilator muscles of the upper airway, including the alae nasi, are activated by hypoxemia (19, 24, 25) , a response in large part attributed to the peripheral chemoreceptors. Hypoxemia therefore may be an additional stimulus for alae nasi activation during oral feeding. At the present time, it is not possible to determine which of the three potential factors (hypoxemia, hypercarbia, or mechanoreceptor stimulation) is most effective in activating the alae nasi during feeding.
If we assume that the alae nasi are representative of other upper airway dilator muscles, we may speculate that the entire network could function to increase airway caliber from the nose to the larynx during feeding. This would allow greater VE at the same level of respiratory drive and potentially decrease work of breathing. Both effects could benefit the infant, who is struggling to coordinate the simultaneous challenges of breathing and feeding.
